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Motor control: Forcing neurons to change
A. Jackson and R.N. Lemon
New research shows that the properties of cells in motor
cortex change during learning of new tasks, shedding
new light on the neural basis of motor adaptation.
Address: Sobell Department of Neurophysiology, Institute of
Neurology, London WC1N 3BG, UK.
Current Biology 2001, 11:R708–R709
0960-9822/01/$ – see front matter 
© 2001 Elsevier Science Ltd. All rights reserved.
If you have ever hired a car on holiday, driving it probably
seemed unfamiliar at first. With practice however, you will
have learned its different properties and characteristics, so
much so that it may have taken a while to then readjust to
your old car. This effect is known as motor adaptation, and
a new study by Li et al. [1] has shed new light on where
and how this occurs in the brain.
Learning-related improvements in tasks such as driving
are possible because of plasticity in the brain: the proper-
ties of neurons and their connections can change depend-
ing on past history. Recently, the primary motor cortex
(M1) has been implicated as one site that undergoes changes
during the acquisition of skilled motor tasks. Studies in
monkeys have shown that, after training on specific tasks,
the organisation of M1 can alter such that trained limbs
acquire a disproportional representation within the cortex
[2]. The ability of our brains to adapt to circumstances is
important not just for acquiring new skills: recovery from
brain injuries such as stroke often involves a reorganisation
of the cortex such that duties originally performed by
damaged areas are assumed by healthy tissue [3].
Despite a wealth of studies describing plasticity in M1, to
date there have been few direct observations of learning-
related effects in individual neurons. An understanding of
plasticity at this level is important for two related reasons.
Firstly, it might shed light on the mechanisms responsible
for reorganisation of function within the cortex. And
secondly, in addition to a possible role in motor learning,
M1 is the origin of much of the descending motor com-
mands that control movement. Thus M1 may serve the
dual role of both motor learning and relaying motor
output. If so, are separate populations of cells responsible
for these different functions, or are the neurons sufficiently
flexible to learn new skills whilst maintaining general
motor performance?
To investigate these questions, Li et al. [1] trained monkeys
to reach from a central position to one of eight targets
arranged around a circle. A computer screen displayed
both the target location and the current hand position.
This type of centre-out reaching task has previously been
used to demonstrate the directional tuning of M1 neurons;
a cell will tend to be more active for movements in a par-
ticular direction, known as the preferred direction for that
cell [4]. In this study however, movements were perturbed
by forces applied to the monkey’s wrist. The perturbation
was such that the force exerted by the monkey and the
resulting motion were along different axes (see Figure 1a).
Previously it has been shown that under these conditions,
human subjects initially follow curved trajectories to targets. With
practice, however, subjects learn to make straight, accurate
movements as they become accustomed to the new condi-
tions. This adaptation persists for a while after the force is
removed, such that trajectories then curve in the opposite
direction [5].
Li et al. [1] were interested to see how the preferred
directions of M1 neurons were influenced by the force
perturbation. Cells were recorded during three phases: a
baseline period with no perturbation; a force epoch with
the perturbation; followed by a washout where the force
was removed (Figure 1b). Just like humans, the monkeys
exhibited adaptation during the force epoch, and readjusted
during the washout. Three main types of neuron were
found, which the authors named ‘kinematic’, ‘dynamic’
and ‘memory’ cells (Figure 1c). The activity of ‘kinematic’
cells was equivalent through all three phases of the task,
whilst ‘dynamic’ cells had preferred directions which were
rotated during the force epoch but returned to their origi-
nal values during the washout. More interesting, however,
were the ‘memory’ cells, for which the preferred direction
was different between baseline and washout. Importantly,
the task conditions and movement profiles were identical
during these epochs, so the altered activity during the
washout correlates with neither kinematic changes nor dif-
ferences in muscle activation. Instead, it represents a
lasting change caused by exposure to the new force condi-
tion. Li et al. [1] therefore suggest that this activity change
represents a neuronal correlate of motor learning.
The ‘memory’ cells fell into two classes. For some, the
preferred direction rotated during the force epoch, and
this was not reversed during the washout. For other cells,
there was no difference in activity between baseline and
force epochs, but the preferred direction rotated in the
opposite direction during the washout. Interestingly, the
two types of memory cell were found in approximately
equal numbers, such that within the population of neurons,
there was no net change in preferred directions between
baseline and washout periods. Thus, throughout the task
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epochs, the appropriate signal for motor output was
reflected in the population statistics of M1 neurons. At the
level of individual cells, however, a reorganisation took
place as a result of exposure to the different force condi-
tion. Thus, if this does represent a mechanism for learning
new force conditions, it is one which also preserves general
motor performance.
A number of questions still remain. We cannot be certain
that the changes in M1 neuronal activity associated with
learning arise from physical changes within M1. Current
models suggest that neuronal plasticity arises from changes
in the strengths of synaptic connections between cells. But
these changes could be occurring in any brain area sending
information to M1 and influencing the properties of M1
neurons. Thus, to interpret these results further would
require investigation of the type and identity of these
neurons, and in particular their inputs and outputs. 
Furthermore, there are several types of motor learning.
Short-term learning or motor adaptation, such as learning
to drive an unfamiliar car, occurs when a new task is pre-
sented but often at the expense of previously acquired
skills and is itself quickly forgotten. To extend the analogy,
however, with repeated experience we can learn to drive a
number of different vehicles and suffer no disadvantage
when switching between them. It is unclear whether the
neuronal plasticity observed by Li et al. [1] relates to motor
adaptation or long-term acquisition of motor skills. Although
these processes seem likely to be related, it is known that
short-term learning is not always consolidated into the
long-term [6]. And despite the performance of the monkeys
reaching a plateau after a number of sessions, memory
cells were observed consistently throughout the recording
period. Thus, there may be separate neuronal mechanisms
underlying short-term and long-term motor learning.
One thing is clear, however. The idea that primary motor
cortex ‘just’ relays motor output is increasingly being chal-
lenged. Instead, it seems that M1 may play a vital role in
what we as humans consider to be one of our greatest assets;
the ability to adapt to new and challenging circumstances.
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Figure 1
(a) Effect of force perturbation. Monkey exerts
a force which would cause acceleration along
green axis but a motor applies a force
perpendicular to direction of movement (red
arrow). The resulting acceleration is in the
direction of the blue arrow. (b) The three task
epochs: an initial baseline period with no
perturbation; a force period with the
perturbation; and a washout period with no
perturbation. (c) Schematic of the two classes
of memory cells. Purple area represents polar
plot of neuronal activity during movement in
the eight directions, from which the preferred
direction (black arrow) is calculated. Class I
memory cells have preferred directions which
rotate during the force condition and remain
rotated during the washout. Class II cells have
similar preferred directions during baseline
and force periods, but which rotate in the
opposite direction during the washout.
(Adapted from [1].)
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